Low-temperature structural transition in FeCr 2 S4 
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Transmission electron microscopy studies of [110] and [111] oriented FeCr2S4 single crystals at 
different temperatures reveal a structural transition at low temperatures indicating a cubic-to- 
triclinic symmetry reduction within crystallographic domains. The overall crystal symmetry was 
found to be reduced from Fd3m to F43m. The triclinic distortions were suggested to result from 
the combined actions of tetragonal distortions due to the Jahn- Teller active Fe 2+ ions and trigonal 
distortions due to a displacement of the Cr 3+ ions in the (111) direction. 

PACS numbers: 75.50.Pp; 61.14.Lj; 61.50.Ks 
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Spin- lattice coupling in highly correlated magnetic sys- 
tems plays an important role in the formation of the 
magnetic ground state and governs the electronic prop- 
erties. Electron-phonon interaction and lattice polarons 
contribute essentially to the colossal magnetoresistancc 
(CMR) effect and the magnetic field induced metal- 
insulator transition in manganite perovskites |]J, yf . In 
addition to small lattice polarons, correlated lattice dis- 
tortions may appear and result in nanoscale regions with 
charge and orbital order |3j ■ These regions are connected 
with the change of the structural symmetry and are also 
responsible for the magnetotransport anomalies. 

In this letter we report the observation of a structural 
lattice transformation at low temperatures in another 
CMR material, ternary ferrimagnetic FeCr2S4 with a cu- 
bic spinel- type crystal structure J4J. The existence of 
local structural distortions and the possibility of a struc- 
tural transformation in this compound was suggested al- 
ready in 1967 based on the appearance of quadrupole 
splitting and a low-temperature anomaly of the electric 
field gradient induced on the tetrahedrally coordinated 
Fc 2+ ions [a, la] • These features were attributed to a 
strong coupling between the Jahn- Teller (J-T) active fer- 
rous ions which allows a distortion of the FeS4 tetrahe- 
drons [Jj and were explained in the framework of static 
and dynamic J-T effects. An alternative explanation 
suggested another type of orbital ordering due to a hy- 
bridization of Cr and Fe states y| ■ The interpretation of 
the Mofibauer data, however, was in conflict with X-ray 
and neutron scattering diffraction investigations, which 
found that polycrystalline FeCr2S4 remains a cubic spinel 
down to 4.2 K 0, Ui|- I n powdered single crystals, the 
symmetry was found to be unchanged, too, although a 
broadening of the X-ray diffraction lines was observed 
and was suggested as due to inhomogeneous lattice dis- 
tortions below the Curie temperature down to 4.2 K 11]. 

Several recent experimental investigations on FeCr2S4 
single crystals pointed out the importance of a spin- 
lattice coupling. A cusp- like anomaly in the temperature 
dependence of the magnetization at T m « 60 K and a 
splitting of zero-field cooled and field cooled magnetiza- 



tion below this temperature was observed [12j. Hydro- 
static pressure investigations |l3J show that the magnetic 
anomaly at T m in Fe&2S4 is strongly sensitive to lattice 
contraction. T m is increased by pressure with a rate of 
dT m /dp ~ 30 K/GPa. This behavior was related to the 
appearance of a non-cubic magnetocrystalline anisotropy 
due to structural distortions. AC-susceptibility measure- 
ments [lj] and magnetoresistance studies [l3( indicate 
that the spin-glass-like features below T m are connected 
with changes in the domain structure due to additional 
pinning centers which were suggested to appear as a re- 
sult of a structural lattice transformation. Very recently 
ultrasonic measurements of FeCr2S4 single crystals gave 
evidence for a structural transformation at sw 60 K. The 
elastic moduli manifest a step-like feature around this 
temperature indicating a structural phase transition of 
first-order type. Below 60 K a pronounced softening of 
the elastic moduli was found. The experimental data in- 
dicate the appearance of a trigonal distortion which was 
explained in terms of an orbital ordering with coupling 
of the orbitals of Fe ions along the (111) direction |l5j . 

To investigate the structural distortions we used se- 
lected area electron diffraction (SAED) in a transmission 
electron microscope (TEM). It shows a cut through the 
reciprocal lattice and, therefore, is very sensitive to small 
changes of the local crystal symmetry of the lattice [16j . 
Any changes in the crystal symmetry and the lattice con- 
stants can thus be directly observed. 

Ternary polycrystalline material obtained by solid 
state reaction from high purity elements was the source 
to grow FeCr2S4 single crystals by chemical transport 
reaction |l7j . Chromium chloride and tellurium chloride 
were used as the source of the transport agent, CI2. The 
growth temperature was varied between 820 and 850° C. 
The resulting crystals grew to a size up to 4-6 mm. 
The single phase spinel structure was confirmed by X- 
ray diffraction analysis. Sample composition was checked 
by electron probe microanalysis, which revealed a nearly 
stochiometric composition (within 2 mole%) and a small 
amount of chlorine (< 0.5 mole%). Plates cut from single 
crystals in different directions were glued on a Cu sup- 



porting disc with a 800 /jm diameter centered hole. After 
mechanical dimpling, the samples were thinned using an 
Ar+ ion polishing system. The TEM (Philips CM 12 
operating at 120 kV) was assembled with a low tempera- 
ture cooling stage. The double tilt sample holder, Gatan 
636. LHe, was cooled with liquid helium to a lowest tem- 
perature of 14 K. The diffraction images were recorded 
in situ for different temperatures. The microscope pa- 
rameters were kept unchanged for a series of diffraction 
images in order to minimize possible errors due to hys- 
teresis effects of the magnetic electron lenses. The ac- 
curacy of the temperature measurement was better than 
±3 K. The images were recorded with a CCD camera 
or negative him plates which were digitized for further 
processing. 

To evaluate the SAED patterns and determine the 
spot pos itions a special computer algorithm was devel- 
oped [lj| . The distances and angles between neighboring 
spots were calculated and averaged. The distances in the 
diffraction patterns, U, were transformed into interplanar 
spacings in direct space, dj. Relative changes less than 
10~ 4 can be detected. To construct the unit cell, sam- 
ples with two different orientations ([110] and [111]) are 
needed. In the cubic structure, for the [110] orientation 
the diffraction pattern should exhibit two equal angles 
(noted ipi — ip 2 ~ 54.7° in Fig. |TJi) and a third one, 
4> ~ 70.6°. From the three distances between the spots 
two must be equal (noted as l\ and l 2 in Fig.^i) and differ 
from the third one (I3). The ratio I1/I3 = h/h ~ 1/1.15. 
In the diffraction pattern of an ideal fee crystal in [111] 
direction all distances between the neighbored s pot s are 
equal and all angles between these spots are 60' 
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FIG. 1: (a) SAED pattern of [110] zone axis orientation with 
the triangle used for evaluation of distances and angles; (b) 
[001] view of rhombohedral primitive cell with the cubic and 
rhombohedral directions. 



Figures Et and b show a high resolution image and 
SAED pattern of the FeCr2S4 single crystal in [110] zone 
axis orientation. The image indicates a quite regular lat- 
tice structure without defects such as precipitates and 



dislocations (Fig.|2Ji). The corresponding diffraction pat- 
tern shows the ordinary reflections (000) and (111), but 
also the (002) reflection which is forbidden for the Fd3m 
space group (Fig. Et>)- It was observed in all sample re- 
gions with different thicknesses at all temperatures. To 
verify whether this is an intrinsic reflection or is caused 
by double diffraction we performed TEM investigations 
on a sample with [100] orientation. For this orientation 
no contribution from double diffraction is allowed. In- 
deed, for [100] oriented samples we also observed small 
but clearly pronounced (200) reflections (Fig. |2fc). Our 
results are similar to that observed in MgAl204 spinel 
with reduced symmetry [lj| and suggest that the space 
group of FeCr2S4 is F43m rather than Fd3m. 




FIG. 2: (a) High resolution image of [110]-FeCr 2 S 4 . (b) 
SAED pattern of [110] and (c) [100] oriented samples. 

In Fig. |3 the temperature dependence of the diffrac- 
tion pattern parameters are shown for the [111] oriented 
sample. Above 60 K the angles and spacings are equal, 
as expected for a fee crystal. Below, a noticeable differ- 
ence between the angles appears (Fig. |3^) , whereas the 
interplanar spacings (Fig. [SJd) show a less pronounced 
deviation. For the [110] orientation we observed three 
different types of behavior of the diffraction pattern pa- 
rameters for different sample positions, noted below as 
types A, B and C. For the A-type patterns the parame- 
ters are shown in Fig. Ot and d. Below about 50 K clear 
differences between angles <pi and ip 2 (Fig- Eh) and spac- 
ings d\ and d 2 (Fig. 01) are found. The values of tp\ and 
d 2 increase, whereas ip 2 an d d\ decrease for decreasing 
temperature. The third parameters (ip and d 3 ) also show 
a clear increase and decrease, respectively. The B-type 
pattern is also characterised by a splitting of ip\ and <p 2 , 
and d\ and d 2 below 50 K [20j , but with an opposite and 
less pronounced variation compared to type A. For the C- 
type behaviour no splitting or other significant changes 
of the diffraction parameters were observed. Figure 0] 
and Tab. 1 summarize the experimental observations of 
these three different types of behavior. The variation of 
ip and g?3 versus the splitting between ipi and (p 2 with 
temperature is presented in Fig. 0Jl and b, respectively. 

To understand the results, we computed the diffraction 
patterns for different symmetry types of the unit cell. 
As a starting point for the fitting procedure a primitive 
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FIG. 3: Angle and interplanar spacing of the diffraction pat- 
terns as function of temperature of [111]- (a and b) and [110]- 
(c and d) oriented FeCr2S4. Full dots : Calculated values for 
the low-temperature structure. 



Type 


a^h 


A^n 


Adi_2 [rim] 


Ad3 [nm] 


A 


+0.102(18) 


+0.050(11) 


-0.00060(16) 


-0.00037(9) 


B 


-0.086(17) 


-0.007(15) 


+0.00027(23) 


+0.00024(7) 


C 


-0.026(17) 


-0.009(11) 


+0.00005(13) 


-0.00000(7) 



TABLE I: Splitting of the diffraction pattern parameters for 
the different types in [110]-FeCr2S4. 



rhombohcdral unit cell was used with the lattice parame- 
ters a = b = c = 2~ x / 2 ■ a cu b and a = (3 = 7 = 60°, where 
«cub is the lattice constant of the cubic unit cell [21J . The 
arrangement of the vectors normal to the base planes (as 
shown in Fig. \R>) directly corresponds to the triangular 
configuration of the diffraction pattern. The symmetry 
of the distorted rhombohedral cell is lowered to triclinic. 
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FIG. 4: Variation of the diffraction pattern parameters of 
[110]-FeCr 2 S4. Symbols: See text. 



The parameters c, a and j3 of the triclinic cell were kept 
constant in the simulation because for the [110] zone axis 
changes in the [110] direction cannot be detected. Fit- 
ting of the type A diffraction pattern data (full dots in 
Fig. © results in a = 0.7075(2) -a cub ; b = 0.7066(2) -a cub ; 
c = 0.7071 • a cub ; a = /3 = 60°; 7 = 60.04(1)°. Using this 
crystallographic data the expected changes for the other 
two types of patterns were calculated supposing that they 
are related to the other two cubic (110) orientations. The 
results for that case are marked by full triangles in Fig. 01 
and reproduce quite well the experimental data. In the 
same way, we calculated the expected variations for the 
[111] zone axis orientation (full dots in Fig. [3^ and b) 
and obtained a very reasonable agreement with the ex- 
perimental data. This consistence suggests that the three 
different types of diffraction patterns observed are con- 
nected with the creation of different structural domains 
or twinning planes. The orientation of these spacial do- 
mains alternate between the three (110) directions which 
were equivalent before transition. The size of these do- 
mains was estimated from the lateral sample drift during 
the experiment to lie between 15 and 50 /im. 

To get the difference in the diffraction patterns for 
the cubic and the triclinic cell we calculated the powder 
diffraction patterns using the EMS (electron microscopy 
image simulation) program by P. Stadelmann |22| , yield- 
ing changes on the order of 5 • 10~ 4 . Such small changes 
can hardly be detected by ordinary X-ray or neutron 
diffraction where for polycrystalline samples a broad- 
ening of the peaks rather than a splitting is observed 
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Concerning the nature of the structural anomaly in 
FeCr2S4, several mechanisms may be considered. Ear- 
lier theoretical |23l I24J l2fjl |26J and experimental stud- 
ies 1271 I23, 1291 of a structural transition in transition 



metal oxide spinels attributed them mainly to the Jahn- 
Teller (JT) active Fe 2+ ions which stabilize the tetrag- 
onal phase. In addition the octahedral Cr 3+ ions may 
contribute to the elastic anisotropy. Depending on the 
relative strength of the competing effects, a resulting low- 
temperature tetragonal or orthorhombic structure is es- 
tablished 26, 3 Of . None of these structures, however, fits 
our experimental data |lSj . 

From our observations of the reduction of the over- 
all symmetry from Fd3m to F43m an additional dis- 
tortion of the octahedral sites can be inferred. A sim- 
ilar reduction of the s ymm etry was observed in several 
spinel compounds |29 . l31| and was attributed to a dis- 
placement of the octahedral-site cations from the center 
of the octahedron along the (111) direction producing 
a trigonal distortion. The presence of trigonal distor- 
tions in FeCr2S4 was also revealed by ultrasonic experi- 
ments 15] . Therefore, the observed triclinic distortions 
in our FeCr2S4 crystal may result from the combined ac- 
tion of a tetragonal distortion due to tetrahedral-site JT 
Fe 2+ ions and a trigonal one due to octahedral-site Cr 3+ 
ions. Since the structural transformation in Fe&2S4 oc- 
curs below the cusp-like anomaly in the magnetization at 
T m , and keeping in mind the strong magnetocrystalline 
anisotropy in FeCr2S4 J23i bj| there is probably a con- 
tribution from spin-orbital coupling to the lattice distor- 
tions. In fact, recent specific heat |3J| and ultrasonic 
studies |l5| attributed the low-temperature anomalies in 
this compound to the orbital degrees of freedom. The 
structural transformation may result from an orbital or- 
dering. However, the coupling of the orbitals appears to 
be more complicated than the simple trigonal or tetrago- 
nal arrangements suggested in earlier studies [la . Ha J35| . 

In conclusion, we investigated the crystal structure of 
the FeCr2S4 magnetic spinels by SAED. We found a 
structural anomaly below 60 K which we interprete in 
terms of a triclinic distortion within crystallographic do- 
mains. In addition we found a (200) reflection which 
indicates that the crystal symmetry belongs to the F43m 
symmetry group. Thus, our study clarifies the long 
standing problem of the structural anomaly in FeCr2S4. 
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We exclude defects as a reason of distortions because, 
as show our studies on Fei+a;Cr2-a;S4 single crystals, the 
lower temperature anomaly at 60 K is present in the mag- 
netization of stochiometric as well as for Fe deficient and 
Fe excess samples (to be published). 



